In the mathematical discussion of alternating currents, it has been customary to assume the law of variation of E. M. F. as that of a sinusoid. Previous experiments to determine this law have been made upon machines containing no iron in the armature. Recently, Dr. Louis Duncan, of the Johns Hopkins University, has conducted experiments in which he found that this assumption was approximately true with the Siemens machine.
We propose to investigate this law upon a machine con-Graduation Thesis at Stevens Institute of Technology, Hoboken, N. J., I888. .%arl)l~ alld t/e!/~ma/z : [J. F. I., tabtina, iron in the armature. To observe the egect produced by varying the conditions, we imposed the following: The machine used was the No. 1 Westingh()use Dynamo in the electrical lal)oratorv of the Stevens Institute.; rated at sixtv-five h()rse-power, and requiring a current of seven amperes in the field, when run at its full capacity-. The power conveniently available being only a thirty-five horsepower Buckeye engine, accounts for the small figures taken for the conditions. M l::'l't | ( )t ).
The method used was suggested by 1Yr. \V. E. Geyer, of the Institute, ~ho had employed it, as early its 1881, on a continuous-current machine.
It consists in measuring the difference of potential existing between the brushes for an instant of time, at any angular position of rotation of the armature, by charging a condenser and discharging it through a high resistance galvanometer.
In the practice ()f this method it was necessary to devise some means of closing, for an instant, the shunt circuit across the brushes t() the galvanometer, while the armature was in the desired position of rotation.
T() effect this, the folh>wing apparatus was devised : A ring of brass 1¢ (F@ i) was sprung around the turned porti(m of the bearing nearest the pulley', and to this was secured the piece A, to which, at /;, was hinged the piece C, held against A by a spring and adjustable ()utward by the screw l). At the upper end of (was secured a block of hard rubt)er ]:, and to this was f~stened the plate carrying the ,~teel-wire spring ],', t)y which contact was made with the steel piece U, highly, tempered and ground to an edge in the direction of its length. 'I'he steel piece (2 was fastened to the end of the armature furthest from the commutator, with its ground edge parallel to the shaft by means of a V-shaped brass, 11, and at such a distance from the shaft as to just pass, in its motion with the armature, the contact spring/,.
In holding //to the arma-ture, hard rubber was used as an insulator and electrical connection made }~etween it and one of tile commutator rings by a rubber-covered wire running through the air space in the armature. Fastened to the bearing of the I~'IG. I. machine was a graduated arc of I{o:, concentric with the brass ring. A pointer l',on _q, served to determine the angular position, in degrees, of the armature at the moment of contact, at which time the E. M. F. existing in the armature was measured.
The contact spring F, as finally adopted, consisted of a steel wire 0"034 inches in diameter, bent as shown in Fz~. 6~ One end was inserted in the hole A, and secured there by a set screw, and the free end passed through a hole, slightly larger than the wire, at jr, sufficiently far to make contact with the rotating piece 6:. t;i6,. 2. is a diagram of the connections. .~ represents the wire of the armature; B, ]J~ the brushes; AI the main circuit; C~ the steel contact-piece revolving with the armature and connected with I; 1. d; makes connection with the condenser, C once per revolution by coming in contact with the steel spring C: connected with the condenser by the line wire. /~., is placed in connection with the condenser by the wire and the discharging key, as shown.
The necessity of placing the measurin~r instruments a considerable distance from the dynamo introduced a difficulty in the shape of self-induction, due to a long line. This we overcame as much as possible by using bare copper wire 0"008 inch in diameter. This line was supported on glass rods, fastened to wooden supports, except for a distance of seven feet where they were fastened to a pine board for protection, and for about four feet where they passed through glass tubing. The wires ran parallel 4"5 inches apart their whole length, a distance of i5o feet.
The measuring apparatus used was a "high resistance Thompson reflecting galvanometer," with its accompaning shunts ~-, ~ ~-, 9-~,~ and two mica condensers of one micro-farad capacity (variable, etc.), all of Elliott Bros., London, The scale used with this galvanometer was placed thirtythree inches from the needle and had divisions measuring. forty to the inch.
The first difficulty experienced in measuring was that arising from the large static charge induced in the line wires and the metal of the machine by the action of the belts. The first step towards removing this was to connect the hod), of the machine with the ground, and to furnish pointed wire collectors to the belts, also connected with the ground. Although this removed much of the charge, there still remained enough to charge the o'~ motive force condenser, and give with the one-ninth shunt a mean but not very constant deflection of twenty-one divisions. As one volt g~ve a deflection of about three divisions with the oneninth shunt, this would have seriously interfered with our measurements. At first, it was a question whether we were measuring the potential of the condenser due to the static charge, or that due to the dynamo. The following considerations, however, show that we were really, measuring the E. M. F. of the dynamo; for, suppose the condenser had become charged from the belts, etc., to a potential greater than that which the armature would furnish, then, as soon as the Contact piece completed the circuit which includes the condenser and armature, the condenser would, bv reason of its greater potential, immediately discharge itself through the armature until its potential equalled that of the armature, which is the E. M. F. we would measure. If, however, the condenser was charged to a potential h'ss than that of the armature, then upon completion of the circuit, the armature, from its being able to snpply an infinitely larger curt~ent than the belts, etc., would charge the condenser instantly to its own E. M. F'., which is "what we measure, as before. Moreover, our experiments showed that, in this particular case, the current from the belts required quite a perceptible time to charge this condenser, and give even a measurable charge. An additional fact that no error was introduced by this static charge is evident from the regularity of the readings and the smoothness of the curves.
Two revolution counters were used during the test; the first was an ordinary one, which was held in place by hand while taking speed. This was superseded by a second, the pinion of which engaged with a worm inserted in the end of the dynamo shaft. This counter was arranged to be thrown in and out at will, and the number of revolutions automatically recorded. The order of procedure in applying this method was as follows: The dynamo and instruments for measuring potential being about I5O feet apart, in separate rooms, the observers in each room were connected by telephone and bell.
The dynamos being started and everything made ready, signals were exchanged to that effect. Then the observer in the dynamo room adjusted the contact appttratus for the first position, numbered 12 °, observed the indication of the ammeter in the field circuit, which, if not as desired, was made so by adjusting the resistance in that circuit, rang "go ahead " signal to the observer in the measuring room and upon receiving his answer, threw in the speed counter and noted the time. The observer in the measuring room, immediately upon answering the "go ahead" signal, commenced a series of measurements of E. M. F. of the condenser, bv noting the swing of the galvanometer needle, as follows : The charging key was placed in "charge " position and left there a few seconds. One reversing key was then closed and almost simultaneously the condenser was discharged through the galvanometer. As soon as the galvanometer needle came to rest, another charge was measured. These measurements occupied from three to four minutes. Upon the completion of each series of measurements, "go ahead" was signaled to the dynamo room for the contact to be changed to the next position, and the above operations repeated. Speed was usually counted for three minutes, or nearly the whole time of measuring, and therefore the average speed for each series was obtained quite accurately. The variation in the field current during a series was never .over o'2 of a division z o'o4 ampere, hence no correction has been introduced for this. The speed in some cases changed quite perceptibly. To be able to make a correction for this, we determined the law of variation of E. M. F. with the speed in this machine. To do this, we made simultaneous measurements of speed and E. M. F., the latter at posi-tion of contact apparatus which gave the highest readings, i. c., 34 °, a point in the upper part of the curve. This law, as represented by a curve, showed a direct~¢ariation, it being almost a straight line. Upon this the corrections for speed were made, the value of the E. M. F. being computed for ~,ooo revolutions per minute.
At the beginning and end of each run, which occupied about four hours, any variation of H was observed by noticing the swing of the needle produced by the condenser when charged from a cell of Leclanch~ battery, kept especially for that purpose. The variations were so slight that they have not been introduced in our corrections.
The corrections to be applied to the readings of the galvanometer were :
(I) A geometrical one, from the fact that the swing of the spot of light measures the t,rtz 2 ¢~, while the charge is proportional to silz ½ ¢~. .
(2) A correction due to the induction of the shunts. ~3) A correction for the ratio of the shunts.
(4) The resistance of the air to the swing of the needle.
(5) The correction for speed. The first, second and fourth corrections were obtained in one experiment, by comparing six gravity E. M. F. cells, which were approximately of the same E. M. F. by the condenser method.
Then by using one of the shunts employed in the regular work, we noted the swing produced by i, 2, 3, and so forth cells coupled in series. Knowing the exact comparative values of E. M. F. which the coupled cells ought to give, and by experiment the swing they did give, and taking the latter for ordinates and the former for abscissa, we obtained a curve for converting the one into the other. This curve approached very closely to a straight line, the ordinates (or galvanometer readings)of which are about four per cent. greater than the abscissae (or E. M. F. values). This correction was made gTaphically.
The shunt ratio and induction correction were obtained in one experiment, and amounted to 0"76 of one per cent., which was neglected.
Searing and ]-70ffman ."
[J. F. 14 The correction for speed was also made by the graphical method, and afterwards tested by logarithms.
The instrument used for measuring the field current was a portable Thompson galvanometer, and for measuring the main current of the Westinghouse, the Westinghouse ammeter usuallv accompanying the machine, which was previously calibrated by a continuous current. This instrument could not be relied upon within o'2 5 of a division with the current we used.
The main circuit was through a large German-silver rheostat, strung overhead in the dynamo room. When running at night, some of this cur'rent was used for lighting.
SPRINGS.
Upon the apparatus for obtaining almost instantaneous connection between the armature and.condenser, or, more S FIG. 3. 
B
FIG 4strictly, upon the pieces which come in such rapid contact, i,ooo per minute, depends the success of this method. Our difficulties and the manner of overcoming them mav be of assistance to others.
In the first arrangement of these pieces, the end of the brass V, H (F@. 3), which was fastened to the revolving armature, came in contact with the spring if, made of a strip of spring brass, z~ X ~-inch, and bent in the form shown in the figure. With this spring the wear was such as to cut through the thin brass in about two hours, and as this wear materially lengthened the arc of contact, we were compelled to abandon it. We then replaced the brass spring with pieces of clock spring, of several widths and thicknesses, tempered throughout, softened at ends, softened at the middle, and softened throughout; but even the most durable of these did not last over an hour. The majority of them broke at & We then tried the brass spring again, this time capped with steel at its point of contact to prevent wear. This lasted about two 1 hours. We next tried a heavy brass spring (½ X x~), tipped with steel, made as shown in Fig. 4 . The part A has a spring outward and is held in check by t]. The object of restraining the.outward tendencv of A is an important one, and is to shorten its time of vibration to much below o'ooi minute. The next arrangement is shown in F@ 5. The Fro. 5. piece H in passing struck against a steel pin, which action forced it inward against a light spring coiled about it. This arrangement produced such a jarring and such a wear on H as to make its use impracticable. From the experience of these springs we learned the causes of failure; one, that the springs used were much too heavy, and another, the most essential, that the path of the contact point of ~6 r was parallel to the surface of the part with which it came in contact, producing a direct blow and slide; whereas the path of each should have been tangent to each other, in order that the parts would approach and immediately recede, thus allowing, by means of the adjusting screw, a contact of almost any delicacy. The longer the arc of contact, the result of construction or wear of parts, the greater the variation between readings taken at any point in the curve. To prevent this, we arranged to have a knife-edge of hardened steel strike the end of a very light steel-wire spring ('034 inch diameter), as described in a former part of this paper."
The first spring used was bent as in Fig. 6 , but without the coil at G, and broke at the point where it was clamped by the set-screw, before the end of a run. We then coiled it twice at G, care being taken in fastening it to have the coils press firmly against the plate, in order that the bending should be confined to the coils. These springs would last about six or seven hours, and were readily and accurately replaceable; so, to avoid the annoyance of break- age, a new spring was used for each run. We then obtained a clear yet light contact that was in every way desirable.
TABLES.
Tables giving the results of the observations were made, a very short abstract of one being here given to illustrate the form.
The first column on the left gives the position, in degrees, of the arc previously mentioned, at which contact was made. This arc, of which the o ° was arbitrarily assumed, was for the purpose of measuring the abscissae of the curve, and for determining the position of the armature coils in reference to the field magnets for any E. M. F. in the armature coils. The o of the curve happened to come between position 14°and I5 °, and as the readings about these points were uncertain, we started measuring at a point a trifle before the curve cut the axis.
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Column 2 gives the shunts used, and as the condenser was generally the same value throughout a run, its value has been placed at the head of the tables and any change noted in the column of " Remarks."
Column 3 contains the actual readings (right and left) made on the galvanometer scale.
Column 4 is the mean of these readings reduced to ~t value which would be given by the #~ shunt. Column 5 contains the readings with all corrections applied, but reduced, as in column 4.
The remaining columns explain themselves. These curves were taken under the same conditions, in pairs, so as to verify each other, as in Ff~. 7, and then the mean readings of the two plotted, as in/;fg. 5'. In order to show how closely they follow the "sine law," a sinusoid has then been traced over them and is the inner line,/h:K. S, and ,~'carz)z X a,zd HoflCmall ." I J-F. I.)
as will be seen on inspection, the agreement is quite close;. the most marked difference occurs between the positions I6 ° and 27 °, 36 ° and 48 a, and on the reverse curve, positions 520-63 °, 720--84 ~, where there is a sort of bulging out in the direction of rotation of the armature.
The cause of this is not known, so far as we are informed. ,/'" ,,,
The direction of rotation of the armature is shown by the arrows.
Fz~;r. 8 shows only one branch of the curve. Over this curve has also been traced a parabola, the focus being at the point O. While the curve cannot be said to follow the "parabola law," as it has two branches and the parabola only one, still it will be noticed that the parabola is much nearer the true curve, for one branch only, than the sinusoid. 
